Human ClC-K chloride channels are highly attractive targets for drug discovery as they have a variety of important physiological functions and are associated with genetic disorders. These channels are crucial in the kidney as they control chloride reabsorption and water diuresis. In addition, loss-of-function mutations of CLCNKB and BSND genes cause Bartter's syndrome (BS), whereas CLCNKA and CLCNKB gain-of-function polymorphisms predispose to a rare form of salt sensitive hypertension. Both disorders lack a personalized therapy that is in most cases only symptomatic. The aim of this study was to identify novel ClC-K ligands from drugs already on the market, by exploiting the pharmacological side activity of drug molecules available from the FDA Adverse Effects Reporting System database.
Introduction
Human ClC-Ka (CLCNKA) and ClC-Kb (CLCNKB) channels and their accessory subunit barttin (BSND) are expressed in the loop of Henle, distal convoluted tubule and cortical collecting ducts of the kidney, where they contribute to chloride absorption, urine concentration and consequently blood pressure maintenance (Estévez et al., 2001; Krämer et al., 2008; Fahlke and Fischer, 2010) . Gain-of-function polymorphisms in CLCNKA and CLCNKB genes predispose subjects to a form of salt sensitive hypertension, whereas loss-of-function mutations of the CLCNKB and BSND genes cause type III and type IV Bartter's syndromes (BS), rare conditions characterized by salt and fluid loss, leading to kidney failure and sensorineural deafness in the most severe cases (Simon et al., 1997; Birkenhäger et al., 2001; Jeck et al., 2004; Barlassina et al., 2007; Sile et al., 2009; Sanada et al., 2011) . Given the important role of these ClC-K channels in kidney physiology and their consequent association with BS and hypertension, the identification of drugs that target ClC-K channels would be highly desirable. However, investigations of ClC-K channels as a target for drug discovery have been negligible: so far, no drug on the market has proven efficacy towards these channels and patients affected by BS or salt-sensitive hypertension receive symptomatic therapies with limited clinical improvement (Verkman and Galietta, 2009; Loudon and Fry, 2014; Zieg et al., 2016) . In the past, by means of ligandand structure-based approaches, we identified phenylbenzofuran carboxylic acid derivatives as the most powerful ClC-K channel blockers (Liantonio et al., 2008) . Despite still being at a preclinical stage, these compounds revealed diuretic and antihypertensive effects in normotensive and hypertensive rats, suggesting that ClC-K channels may represent key targets in the management of common hypertension (Liantonio et al., 2012; Liantonio et al., 2016) . In parallel, we identified niflumic acid, a non-steroid anti-inflammatory drug, as the only known opener of ClCKa and ClC-Kb channels expressed in Xenopus oocytes but not in mammalian cells (Liantonio et al., 2006; Gradogna et al., 2014; Imbrici et al., 2014) .
Current pharmacological research encourages costeffective approaches favouring the repurposing of drugs already on the market, with known safety and bioavailability in humans, towards novel disease areas (Lavecchia and Cerchia, 2016) . The selective optimization of side activities of commercial drugs can also be exploited to re-profile drugs by transforming side activities into novel main effects (Langer and Wermuth, 2012) . Indeed, the combination of patch-clamp experiments and pharmacovigilance surveillance has already led us to investigate the atrophic/anti-atrophic effects of openers and blockers of muscle ATP-sensitive K + channels in humans and animals (Tricarico et al., 2003a; Tricarico et al., 2010; Mele et al., 2014) . On this basis, the aim of this study was to discover novel ClC-K channel ligands among prompt-to-use marketed drugs. Hence, we searched the FDA's pharmacovigilance database, which monitors drug safety, to identify commercial drugs that induce a Bartter-like syndrome as a side effect with the assumption that BS could result from the block of ClC-K channels. Experimental and theoretical studies were carried out to validate and interpret the results. Patch clamp electrophysiology allowed us to demonstrate that the angiotensin II type 1 (AT 1 ) receptor antagonist valsartan can effectively block ClC-Ka channels, whereas induced-fit docking simulations (IFD) shed light on the molecular interactions ensuring that binding occurs between ClC-K channels and valsartan. Structure-activity relationship studies allowed us to hypothesize that other AT 1 receptor antagonists having a tetrazole ring and a carboxylic group, such as olmesartan, could effectively block ClC-K channels. This information is crucial in the perspective of using the ClC-Ka blockers identified as lead compounds for the development of novel and more potent ClC-K channel ligands, openers and blockers, which could potentially be useful as treatments for ClC-K-associated diseases.
Methods

FDA-AERS database searching
Database searching was performed using the FDA-Adverse Effects Reporting System (FDA-AERS) database . AERS is a passive surveillance system that accepts spontaneous reports of adverse events following any US licensed drugs from providers, health care workers, and the public. Although AERS cannot usually demonstrate causal associations between drugs and adverse events and does not give the incidence, it can detect signals to be tested with more rigorous methods including an experimental one. Symptoms recorded within AERS report were assigned to one or more coding terms using Coding Symbols for Thesaurus of Adverse Reaction Terms. In this case the specific terms were: BS and pseudo BS (mEDRA database). This process does not employ standardized case definitions. Reports of hospitalization or prolongation of hospitalization, life-threatening illness, persistent or significant disability/incapacity, or certain other medically important conditions are classified as serious. All other reports are coded as non-serious.
Electrophysiology
Human ClC-K channels, rat ClC-K1 and Y98A barttin cDNAs (courtesy of Professor Michael Push and Professor Al George Jr) were subcloned in the pcDNA3. HEK293 cells were transiently transfected with plasmid cDNAs encoding ClC-Ks and accessory subunit in a 1:1 weight ratio using a Ca 2+ phosphate precipitation method. For the identification of transfected HEK293 cells, a plasmid encoding the CD8 antigen was co-transfected. The transfected cells were identified by microbeads coated with anti-CD8 antibodies (Dynabeads M-450 CD8; Dynal, Great Neck, NY) and were used for electrophysiological recordings. Patch clamp experiments were performed typically 1 day after transient transfection . Whole-cell patch-clamp recordings were performed using an Axopatch 200B amplifier (Molecular Devices, Sunnyvale, CA). Pipettes were pulled from borosilicate glass (Harvard Apparatus, Holliston, MA) and had resistances of 2.2 to 3.2 MΩ. The extracellular solution contained 140 mM NaCl, 4 mM KCl, 2 mM CaCl 2 , 1 mM MgCl 2 , and 5 mM HEPES, whereas the pipette solution contained 120 mM NaCl, 2 mM MgCl 2 , 5 mM EGTA, and 10 mM HEPES. Both solutions were adjusted to pH 7.4 with NaOH. Patch records for ClC-Ka and ClC-Kb were obtained by stepping the holding potential from 0 mV to various test potentials from À120 to +100 mV for 400 ms. Pulses ended with a tail pulse to À80 mV for 200 ms. For ClC-K1 recording, after a prepulse to 65 mV for 200 ms, channels were stimulated with potentials ranging from À120 to 100 mV with 10 mV increments for 400 ms. Pulses ended with a tail pulse to 65 mV. As a control, we routinely applied a solution containing 100 mM I À that blocks currents carried by ClC-K channels but not endogenous currents . For the electrophysiological recordings, compounds were daily dissolved in DMSO solutions. DMSO never exceeded 0.2%, a concentration that had no effect on ClC-K channels by itself. Current traces at each potential were filtered at 1 kHz with a 4-pole low-pass Bessel filter and acquired at 5 kHz with pClamp10 program (Axon Instruments, Sunnyvale CA, USA).
Computational details
Valsartan, losartan and olmesartan were subjected to flexible receptor docking studies using a multi stage induced-fit docking (IFD) protocol available from the Schrödinger Suite v2015-3 (Schrödinger Release, 2015) . This protocol has been recently proved to be effective at identifying crucial ClC-Ka residues for the binding of benzofuran derivatives . As a first step, all compounds were subjected to LigPrep to properly generate all the tautomers and ionization states at a pH value equal to 7.0 ± 2.0. A cubic docking grid placed on the centroid of residue N68 was used. Notably, an inner box having a side equal to 10 Å and an automatic outerbox were employed. In the first stage, the van der Waals radii of the protein and the ligand were scaled by a factor of 0.5 and ligands were docked using the default Glide Standard Precision (SP) mode (Glide, version 6.8, 2014) . Next, Prime was used to predict and optimize the selected protein side chains. The poses were scored and filtered, and redocked using the Glide SP mode. Cartesian coordinates of the protein were extracted from the top-scored poses returned by IFD and used for standard docking studies where the protein held was fixed. More specifically, Glide v.6.5 was used by flagging default settings for extra precision (XP) mode after defining a cubic grid placed on the centroid of residue N68 with the inner box having an edge of 10 Å and an outer box having an edge of 30 Å. All docking simulations were performed using the default Force Field OPLS_2005 (Jorgensen et al., 1996) .
Nomenclature of targets and ligands
Key protein targets and ligands in this article are hyperlinked to corresponding entries in http://www.guidetopharmacology. org, the common portal for data from the IUPHAR/BPS Guide to PHARMACOLOGY (Southan et al., 2016) , and are permanently archived in the Concise Guide to PHARMACOLOGY 2015/16 (Alexander et al., 2015a,b).
Data and statistical analysis
The data and statistical analysis comply with the recommendations on experimental design and analysis in pharmacology (Curtis et al., 2015) . With regard to the FDA-AERS database searching, advanced signal detection and data mining were performed by screening AERS reports among the population. We calculated the ratio of the proportion of a particular term among reports following drug administration to the proportion of the same term among serious reports following all other drugs (proportional reporting ratios, PRR) (Evans et al., 2001) . We used the proposed criteria for significant disproportionality (coding terms identified in at least three reports, with a PRR > 2.0 and χ 2 > 4.0) to guide selection of AERS reports for further investigation. No signal is identified, if PRR is =1. The PRR was calculated using the following equation:
where a is the number of reaction of interest to a given drug, b is the number of reaction of interest for all other drugs reported by the search, c is the number of all other reactions to a given drug, d is the number of all other reactions to all other drugs (Evans et al., 2001 ). This approach was successfully used to investigate the potential atrophic affects of K ATP channel blockers in humans (Tricarico et al., 2008a; Tricarico et al., 2010; Mele et al., 2014) . For the patch clamp experiments, data were analysed offline by using pClamp 10.3 (Axon Instruments, Sunnyvale CA, USA) and Sigma Plot Software (Systat Software GmbH, Germany). Apparent dissociation constants for drugs showing blocking activity, K D , were determined by calculating the ratio of the steady-state current in the presence and absence of the drug at different concentrations and fitting the ratios to the equation:
where c is the concentration.
Statistical analysis was performed using Student's t-test, with P < 0.05 considered as significant. Results are reported as mean ± SEM from the indicated number of cells in each experiment. Formal randomization was not employed as in every single experiment the same cell was used to evaluate the effect of the test drug versus the related control. Blinding was not included in the experimental design as the scope of the study was to test whether drugs returned from the FDA-AERS were definitely able to block ClC-K channels in vitro and not to compare their potency.
Results
Pharmacovigilance database searching
As a first step, we performed database searching by using the FDA-AERS database. From the analysis of the pharmacovigilance registry, we identified several commercial drugs that induce Bartter-like syndrome as side effect when used to treat patients (Table 1 and Supporting Information  Table S1 ). Up to now, five types of BS have been recognized as due to a mutation: (i) in SLC12A1 encoding for NKCC2 (type I); (ii) in KCNJ1 encoding for ROMK (type II); (iii) in Table 1 Drugs returned from the analysis of the FDA pharmacovigilance database inducing Bartter-like syndrome as a side effect in the indicated number of case reports BS-inducing drugs (Loudon and Fry, 2014) . The identified compounds were further filtered in order to select the best candidates for in vitro screening. In this respect, the following criteria were used: (i) high number of reports of Bartter-like adverse reactions; and (ii) physical and/or chemical properties (such as lipophilicity or bulk volume) compatible with in vitro screening. To minimize the risk of false positives, all compounds causing BS by a mechanism explicitly unrelated to the block of ClC-K channels were discarded (Reinalter et al., 2004; Chen et al., 2009; Zietse et al., 2009; Lupoli et al., 2015; Lazelle et al., 2016) . Examples of these are tobramycin, which belongs to the class of aminoglycosides and causes Bartter-like syndrome by stimulating the CaS receptor (Chen et al., 2009; Zietse et al., 2009) , thus mimicking type V BS, and furosemide, a type of loop diuretic that causes Bartter-like syndrome by inhibiting the Na/K/Cl cotransporter, thus mimicking type I BS (Reinalter et al., 2004) . Drugs that interact with transporters, enzymes and channels in the kidney and skeletal muscle, including the carbonic anhydrase inhibitors acetazolamide and dichlorphenamide and the of Na/Cl co-transport inhibitor hydrochlorthiazide respectively used in hypokalaemic and hyperkalaemic disorders (Tricarico et al., 2002 (Tricarico et al., , 2003b Dinardo et al., 2012) , failed to show the BS signal supporting the specificity of the pharmacodynamic actions of the drugs investigated in determining BS symptoms. Based on these filtering criteria, we finally selected: mycophenolate mofetil, quinapril, valsartan, candesartan cilexetil and acenocoumarol.
Evaluation of the blocking efficacy of marketed drugs on ClC-Ka channels
In order to test whether the marketed drugs selected cause Bartter-like symptoms in patients by targeting ClC-K channels, we first expressed ClC-Ka in HEK293 cells and recorded chloride currents through whole-cell patch-clamp before and after the application of 50 μM of each drug ( Figure 1A ). Previous results showed that the phenylbenzofuran carboxylic acid derivative SRA-36 is the most powerful ClC-K channel blocker ever known, displaying an IC 50 = 4 μM . Thus, we investigated the blocking efficacy of the commercial drugs selected at the concentration (50 μM) of SRA-36 that induced a maximal block of ClC-K currents. Micophenolate mophetyl, acenocoumarol and quinapril showed a very low affinity for ClC-Ka channels, inducing less than 20% block at +60 mV (Figure 1) . Surprisingly, the same concentration of valsartan caused~60% reduction of ClC-Ka chloride currents ( Figure 1A-C) . The inhibition of ClC-Ka by this drug was concentration-dependent with an IC 50 = 21 μM ( Figure 1D ). As HEK293 cells lack AT 1 receptors, this effect is probably due to the direct block of the channel. AT 1 receptor antagonists block ClC-Ka channels BJP
Effect of valsartan on other ClC channels and on ClC-Ka polymorphisms associated with salt-sensitive hypertension
In order to verify whether valsartan was able to block other ClC-K family members, we tested its effect on ClC-Kb/barttin and ClC-K1 channels expressed in HEK293 cells. Of note, to be functional in heterologous expression systems, ClC-Ka and ClC-Kb channels require the accessory subunit barttin that allows their membrane transport and gating (BarralloGimeno et al., 2015) . Conversely, the rat ClC-K1 isoform is able to conduct chloride currents even in the absence of barttin, and thus, it represents a useful tool to investigate the contribution of this accessory subunit to the mechanisms of channel pharmacological modulation (Barrallo-Gimeno et al., 2015). As shown in Figure 2 , 50 μM valsartan blocked ClC-K1/barttin channels by~55%, similarly to ClC-Ka. Interestingly, valsartan caused a minor block of ClC-K1 currents in the absence of barttin, suggesting that this accessory subunit might be involved in the blocking effect, at least in our experimental conditions (Figure 2A-C) . In contrast, ClC-Kb/barttin channels were much less sensitive to valsartan block, being inhibited by~40% only at a concentration of 100 μM (Figure 2A-C) , whereas the skeletal muscle chloride channel ClC-1 and the kidney chloride/proton antiporter ClC-5 were almost insensitive to valsartan block (Figure 2A-C) . Four gain-of-function polymorphisms in the ClC-Ka gene have been associated with salt retention and hypertension Barlassina et al., 2007; Sanada et al., 2011) . In order to test whether channels carrying ClC-Ka polymorphisms could be sensitive to valsartan activity, we evaluated the effect of this drug on A447T and Y315F channels. The application of 50 μM valsartan caused a~50% block of CLC-Ka A447T and Y315F currents, similar to that observed for ClC-Ka WT channels ( Figure 2C ).
Structure-activity relationship of sartans
Valsartan belongs to a class of antihypertensive drugs acting as AT 1 receptor antagonists. To detect the molecular determinants of valsartan responsible for chloride current inhibition, we then tested other molecules belonging to the same pharmacological class, namely losartan, telmisartan, candesartan cilexetil and olmesartan to verify their ability to block ClC-Ka channels and measure their efficacy compared to valsartan. As shown in Table 2 , these sartans share a common chemical scaffold made by a biphenyl bearing a tetrazole ring at the ortho position. The only exception is telmisartan, where the tetrazole ring is replaced by a carboxylic group, a typical bioisoster showing similar pK a and logP values (Table 2) . We observed that losartan, candesartan cilexetil and telmisartan at 50 μM were very weak blockers of ClC-Ka/ barttin channels reducing chloride currents by~10% tõ 25%. Unlike them, valsartan and olmesartan, which contain both the tetrazole ring and the carboxylic group, are by far the stronger blockers of ClC-Ka/barttin channels (Table 2 and Figure 3) . It is clear that the efficacious in vitro block of ClC-Ka channels can be related to the molecular role played by the carboxylic group and the tetrazole ring of valsartan and olmesartan.
Table 2
Structure-activity studies of sartans Valsartan (58.9 ± 5.5) Losartan (12.5 ± 3.9) Telmisartan (24.5 ± 4.0) Candesartan cilexetil (11.0 ± 5.9) Olmesartan (50.5 ± 3.2)
Chemical structures of the indicated sartans and % of inhibition of ClC-Ka/barttin currents induced by 50 μM of the indicated sartan. Blue and red squares indicate the tetrazole ring and the carboxylic group respectively. Data are mean ± SEM of n = 8 cells.
Molecular docking simulations
By applying structure-and ligand-based approaches, we have recently identified the putative blocking binding site of carboxylic acid benzofuran derivatives on ClC-K channels.
In particular, the carboxylic unit of these compounds is necessary to interact with three residues, N68, K165 and H346 located at the extracellular side of the ClC-Ka protein.
The strongest ligand-protein interaction is established with K165 (Liantonio et al., 2008; Gradogna and Pusch, 2013; Imbrici et al., 2014; Liantonio et al., 2016) . Building on these findings, we performed docking simulations of valsartan, losartan and olmesartan using a homology model of ClC-Ka built on the 3D structure of ClC-ec (Dutzler et al., 2002; Gradogna et al., 2014) , in order to hypothesize a reasonable binding mode that complemented the electrophysiological findings. Figure 4A -C show the top-scored poses of all the considered compounds returned by the application of a combined IFD/standard docking protocol (see computational details). As far as valsartan and olmesartan are concerned, the sole predicted ionization state at physiological pH is characterized by two negative charges, resulting from the deprotonation of both the tetrazole ring and the carboxylic acid group. As depicted in Figure 4A and C, these two negatively ionized moieties are able to establish salt bridge interactions with K165, the same positively charged residue crucial for the binding of benzofuran derivatives . In addition, a well-orientated H-bond interaction is established between the carboxylic group of the ligand and N68, while π-π stacking interactions are observed between the proximal aromatic ring of the biphenyl fragment and F347. Finally, in the case of valsartan, hydrophobic contacts are established between the alkyl chain of the butanoic moiety and L253. Taken together, these interactions explain the significant docking score values obtained for both valsartan and olmesartan (À10.77 and À9.05 kcal·mol À1 respectively) and indicate the selective and high affinity binding of these sartans towards the ClCKa channel, in agreement with the experimental data. Interestingly, a very similar posing was observed in the topscored docking solution of losartan ( Figure 4B ). In particular, both the previously described π-π stacking interactions with F347 and hydrophobic contacts with L253 are maintained. Nevertheless, only one ionic interaction occurs, which involves the tetrazole ring and K165, due to the absence of the carboxylic acid group. Thus, the docking studies suggest that the lack of interactions established with N68, which were instead experienced by valsartan and olmesartan, was probably responsible for the reduction in the docking score (À7.18 kcal·mol À1 ) and for the lower inhibitory capacity towards ClC-Ka, consistent with the experimental data. As shown in Figure S1 , the posing predicted by the molecular docking of olmesartan in ClC-Ka is very similar to the X-ray solved conformation observed for the same compound within the AT 1 receptor, available from PDB (entry 4ZUD). Interestingly, this observation confirms the hypothesized binding mode predicted by docking valsartan and olmesartan on ClC-Ka.
Discussion
In this work, we demonstrated that the antihypertensive AT 1 receptor antagonists valsartan and olmesartan are able to block ClC-Ka channels.
Integrated structure-function studies: Implications for the design of high affinity ClC-K ligands
Once it had been assessed that ClC-K channels represent a target for valsartan and olmesartan, we mainly focused on
Figure 3
Effect of olmesartan on ClC-Ka and ClC-Kb channels expressed in HEK293 cells. Representative current traces of ClC-Ka/barttin (A) and ClC-Kb/ barttin (B) channels before and after the application of olmesartan 50 μM in HEK293 cells.
the structural determinants required for the observed block. The aim was twofold: (i) to gain insights into the putative binding site of ClC-K channels; and (ii) obtain valuable information for the future design of new drugs targeting ClC-Ks. As a first step, we carried out docking simulations of valsartan and olmesartan on ClC-Ka channels, assuming the same binding site recently defined for the phenyl-benzofuran carboxylic acid derivatives . Here, we not only confirmed, based on IFD simulations, the hypothesis that valsartan and olmesartan interact with the same residues N68, K165 and H346 of the phenyl-benzofuran carboxylic acid derivatives but, together with the structure-function evaluations in vitro, we also provided a wealth of pharmacologically relevant information. Firstly, unlike valsartan and olmesartan, the other sartans tested did not show any appreciable block of ClC-Ka channels. These experiments convincingly showed that both the tetrazole and carboxylic acidic moieties of valsartan and olmesartan are required for an efficacious block of the ClC-Ka current.
In turn, as shown in Figure 4B , due to the lack of a carboxylic acidic group, losartan does not interact with N68, hence explaining its weaker capacity to block ClC-Ka channels. In candesartan cilexetil the carboxylic group is masked by the cilexetil ester: this probably explains its reduced block of ClC-Ka in vitro, albeit its association with BS symptoms in vivo. Thus, differences in the chemical structures of sartans accounted for their different affinities towards the ClC-Ka channel. Secondly, our results also revealed that the sensitivity of ClC-K channels to valsartan depends on the primary sequence of the blocking binding site. Indeed, ClCKb channels, characterized by D68 in place of N68, were markedly less sensitive to valsartan and olmesartan, being blocked by 50% only at higher concentrations. Consistently, ClC-1 and ClC-5 channels, presenting the aspartate residue in the corresponding positions, were almost insensitive to valsartan block. This finding can be easily explained by the top-scored poses returned by IFD simulations: differently from N68, D68 that is negatively charged at physiological pH, is repulsed by the carboxylic moiety of valsartan. Coherently, ClC-K1 channels, having both N68 and K165 residues in the binding site, retained the same sensitivity as ClC-Ka channels towards valsartan. Taken together, these results confirmed that both K165 and N68 play a pivotal role in the binding of valsartan and the following block of ClC-Ka channels. The similarity between ClC-Ka and AT 1 receptor binding pockets again supported our in vitro and in silico observations (Supporting Information Figure S1 ). Finally, our experiments suggested the possible involvement of barttin in valsartan's blocking effect, as ClC-K1 channels expressed alone were less sensitive to the drug compared to ClC-K1/barttin channels.
Unveiling new activities associated with sartans: Pharmacological and toxicological implications
ClC-K genes have been designated as being among candidate genes predisposing to hypertension (Barlassina et al., 2007; Denton et al., 2013; McCallum et al., 2015) and ClC-K blockers could offer new opportunities to treat this disorder, with a beneficial increase in water diuresis and few systemic effects (Liantonio et al., 2012 . Thus, the discovery of ClC-K ligands could be pivotal for a proper treatment of both rare dysfunctions of ClC-K channels, which still lack specific therapies, and more common diseases, such as hypertension. In terms of medical advice, our results suggest that the herein first observed block of ClC-Ka channels by valsartan and olmesartan may occur as an ancillary pharmacological mechanism of these drugs, possibly concurring to lowering blood pressure, together with the antagonism towards AT 1 Figure 4 Docking studies of sartans in a homology model of ClC-Ka. Topscored docking poses of valsartan (A), losartan (B) and olmesartan (C) in ClC-Ka. Important residues and docked ligands are rendered as sticks while the protein is shown as a surface. The H-bond interactions are depicted by a dotted line.
receptors. Valsartan is currently used as first line therapy in combination with amlodipine or hydrochlorothiazide to manage hypertension, heart failure and myocardial infarction (Feldman et al., 2015; Stephan et al., 2015) . The observation that valsartan is also effective against ClC-Ka and its polymorphisms at least in vitro, might open new therapeutic avenues for this drug. Moreover, the finding that other drugs belonging to the same pharmacological class showed very poor inhibitory capacity towards ClC-K channels may give insights into the toxicological profile of sartans, providing helpful suggestions for the clinical management of BS. BS-affected patients are currently treated with non-steroidal anti-inflammatory drugs, potassium supplements, potassium-sparing diuretics and angiotensin inhibitors. While potassium supplements and potassiumsparing diuretics are also used in human and animals affected by hypokalaemia and paralysis (Tricarico et al., 2008b; Cetrone et al., 2014; Imbrici et al., 2016) , the angiotensin inhibitors are recommended in BS to reduce high angiotensin II levels (Zieg et al., 2016) . Our results suggest the use of losartan or telmisartan in the therapeutic scheme of these patients. In contrast, valsartan could instead exacerbate the clinical phenotype. The lack of any signs of BS in the FDA-AERS database with olmesartan can be explained by the fact that this drug is one of the most recent sartans and has a more limited use, showing indication of use in hypertensive patients and precaution of use in kidney failure (Brousil and Burke, 2003; Omboni et al., 2014) .
In conclusion, our multidisciplinary approach combining the exploration of side effects with electrophysiology and docking experiments was successful for the reprofiling of valsartan and olmesartan as new ClC-K ligands. In addition to being of specific interest for discovering new drugs for ClC-K channels, this study represents a successful example of how the time-and cost-effective approach used here can be used as a paradigm to address the rational discovery of ligands targeting ion channels, with enhanced druggability. Tricarico D, Capriulo R, Camerino DC (2002) . Involvement of K(Ca2 +) channels in the local abnormalities and hyperkalemia following the ischemia-reperfusion injury of rat skeletal muscle. Neuromuscul Disord 12: 258-265. 
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